The protein tyrosine phosphatase receptor PTPRN2 is expressed predominantly in endocrine and neuronal cells, where it functions in exocytosis. We found that its immature isoform proPTPRN2 is overexpressed in various cancers, including breast cancer. High proPTPRN2 expression was associated strongly with lymph node-positive breast cancer and poor clinical outcome. Loss of proPTPRN2 in breast cancer cells promoted apoptosis and blocked tumor formation in mice, whereas enforced expression of proPTPRN2 in nontransformed human mammary epithelial cells exerted a converse effect. Mechanistic investigations suggested that ProPTPRN2 elicited these effects through direct interaction with TRAF2, a hub scaffold protein for multiple kinase cascades, including ones that activate NF-kB. Overall, our results suggest PTPRN2 as a novel candidate biomarker and therapeutic target in breast cancer. Cancer Res; 75(9); 1846-58. Ó2015 AACR.
Introduction
Reversible protein tyrosine phosphorylation is an integral part of cellular signaling that controls many if not all aspects of cell biology and development. Net protein tyrosine phosphorylation is governed by the dynamic equilibrium between two counteracting enzyme families, namely protein tyrosine kinases and protein tyrosine phosphatases (PTP). Because tyrosine kinases were mostly described as oncogenes, PTPs were initially postulated to function as tumor suppressors. However, among 37 PTPs implicated in human cancer (1, 2) , approximately equal proportions have been ascribed with oncogenic and tumor suppressor activities (3) . In addition to protein substrates, some PTPs were shown to dephosphorylate mRNAs, inositol phospholipids, or to be catalytically inactive while remaining functional (4) . The precise impact of these and other individual PTPs on tumorigenesis remain unclear.
To find novel cancer-associated PTPs, we interrogated publicly available databases and identified a tyrosine phosphatase-like protein PTPRN2 as being significantly overexpressed in a subset of tumors, including colon, prostate, pancreas, and breast cancers. PTPRN2, also known as phogrin, IA-2b, ICAAR, and NE-6, belongs to the PTP receptor type N family. It is normally expressed in nervous system and pancreatic endocrine cells, where it exists as a mature isoform and participates in exocytosis of insulin-containing secretory granules (5) . While lacking protein phosphatase activity due to two critical amino acid substitutions in its PTP domain (6) , PTPRN2 possesses weak phosphatidylinositol phosphatase (PIP) activity (7) . By analyzing tissue microarrays (TMA), we found that the expression of the immature isoform, proPTPRN2, was strongly associated with lymph node-positive breast cancer and poor clinical outcome. Furthermore, we established that it is the immature proPTPRN2 but not the mature isoform that is capable of disrupting normal mammary morphogenesis and promoting tumor growth in mouse xenografts and breast cancer cell lines. Mechanistically, proPTPRN2 appears to mediate this effect through the interaction with the TNF receptor (TNFR)-associated factor 2 (TRAF2), by suppressing apoptosis in a TRAF2-dependent manner. Given that proPTPRN2 is expressed exclusively in cancer cells, our data provide a novel diagnostic tool and a unique targeting opportunity for treatment of aggressive lymph node-positive breast cancer.
Materials and Methods

Antibodies
Cleaved caspase-3, JNK1, phospho JNK1 (Thr183/Tyr185), IKKa, phospho IKKa/b (Ser176/180), IKKe, phospho IKKe (Ser172), IkB, NFkB, PKC phospho substrate, Akt, phospho Akt (Ser473), PKCa, PKCz, phospho PKC pan (bII Ser660), TNFR1, TNFR2, Fas, DR3, DR5, TRAF2, TRADD, FADD, and mouse anti-rabbit IgG (conformation specific) antibodies were obtained from Cell Signaling Technology. PTPRN2 (HPA026656, SAB4502542, and HPA006900), FLAG(M2), HA, b-actin, PARP1 monoclonal (C-2-10), and a-tubulin monoclonal antibodies were obtained from Sigma. Ki-67 antibody was obtained from Abcam. c-Myc antibody was obtained from Santa Cruz Biotechnology. m-Calpain antibody was obtained from EMD Millipore. Sintaxin 6, calnexin, and E-cadherin antibodies were obtained from BD Biosciences. Phospho TRAF2 (Ser11) antibody was kindly provided by Dr. Hasem Habelhah at the University of Iowa (Iowa City, IA).
Plasmids
All constructs were generated by PCR and subcloned into pDONR201 vector using Gateway Technology (Invitrogen). The entry clones with corresponding cDNAs were transferred into Gateway-compatible destination vectors with an N-terminal Myc epitope or a C-terminal SFB tag, or into a doxycyclineinducible vector with a C-terminal SFB tag. All constructs were verified by sequencing. GFP-FLuc-Lentiviral vector was described previously (8) .
Tandem affinity purification of SFB-tagged protein complexes HEK293T cells were transfected with plasmids encoding SFBtagged proteins. Cell lines stably expressing the tagged protein were selected by culturing in medium containing puromycin (2 mg/mL) and confirmed by immunofluorescence staining and Western blot analysis. Tandem affinity purification was performed as described previously (9) . The eluted proteins were identified by mass spectrometry analysis, which was performed by the Taplin Biological Mass Spectrometry Facility (Harvard Medical School, Boston, MA).
Cell culture and transfection
HEK293T, HeLa, MCF7, MCF10A, SKBR3, MDA-MB-231, MDA-MB-468, MDA-MB-435, MDA-MD-436, MDA-MB-453, T47D, BT474, AU565, A498, ACHN, 769-P, 486-O, VCap, PC3, BPH1, DU145, RKO, HCT116, HCT15, 639V, 647V, HT1197, HT1376, RT4, and T24 cells were purchased from ATCC and cultured under conditions specified by the manufacturer. MCF10A cells were maintained as described previously (10) . Cells were tested for mycoplasma contamination. Cell transfection was performed using Lipofectamine 2000 or polyethyleneimine, according to the manufacturer's protocols.
Flow cytometry, cell growth, and viability assays
To determine growth rates, equal numbers of cells were plated onto 6 cm dishes. Beginning the next day, cells were trypsinized and counted daily. To determine cell viability, cells were trypsinized and diluted with 0.4% Trypan blue. Flow cytometry was performed as described previously (11) . Briefly, cells were fixed in 70% (v/v) cold ethanol and stained with 20 mg/mL propidium iodide (Sigma) and 20 mg/mL DNase free RNase in phosphatebuffered saline at room temperature in the dark for 30 minutes and analyzed using a BD Accuri C6 Flow Cytometer (BD Biosciences).
Virus packaging and infection
pLKO.1 PTPRN2 shRNA [TRCN0000003247 (#1), TRCN 0000003248 (#2), TRCN0000003249 (#3), TRCN0000003250 (#4), TRCN0000003251 (#5)] and pLKO.1 TRAF2 shRNA [TRCN0000367433 (#1), TRCN0000367467 (#2), TRCN 0000004571 (#3)] sets were purchased from Sigma. Lentiviral packaging plasmids (pMD2.G and psPAX2) were kindly provided by Dr. Zhou Songyang, Baylor College of Medicine, Houston, TX. The production of lentiviruses and infection of target cells was performed as described previously (9) .
3D Matrigel and soft agar assays
The 3D Matrigel assay was performed as described previously (10, 12) . Cells (2.5 Â 10 3 ) were added to 1.5 mL of growth medium with 0.2% agar (in the presence or absence of 1 mg/mL doxycycline) and layered onto 2 mL of 0.5% agar beds in 6-well plates. Cells were fed with 1 mL of medium every 3 days for 30 days, and colonies were then examined by phase-contrast microscopy and photographed. Colonies larger than 30 mm in diameter were considered positive.
Western blot analysis and immunofluorescence microscopy
Western blot analysis was performed as described previously (13, 14) . For immunofluorescence microscopy, cells cultured on coverslips were washed with phosphate-buffered saline, fixed with 3% paraformaldehyde for 20 minutes, and permeabilized with 0.5% (v/v) Triton X-100 solution for 5 minutes. Coverslips were washed with PBS and immunostained with primary antibodies in 5% goat serum for 60 minutes. Cells were then washed and incubated with rhodamine-or FITC-conjugated secondary antibodies for 60 minutes, and nuclei were stained with 1 mg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI). Slides were mounted and visualized using a Nikon ECLIPSE E800 fluorescence microscope with a Nikon Plan Fluor 10Â objective lens at room temperature. Cells were photographed using a SPOT camera (Diagnostic Instruments) and analyzed using Photoshop software (Adobe).
Tumor xenograft studies and bioluminescence imaging
All animal experiments were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee of The University of Texas MD Anderson Cancer Center (Houston, TX). For xenograft tumor assays, 5 Â 10 6 tumor cells were resuspended in 100 mL of Matrigel diluted with PBS at 1:1 ratio and injected subcutaneously into flanks of anesthetized 6-to 8-week-old female BALB/c mice. Orthotopic tumors were developed by injecting 1 Â 10 6 cells in 100 mL of PBS into mammary fat pads. Mice were sacrificed when they met the institutional criteria for tumor size and overall health condition. The tumors were removed and measured. For bioluminescence imaging, 150 mg/kg body weight D-luciferin (Firefly, potassium salt, PerkinElmer) was injected intraperitoneally 15 minutes before imaging. During imaging, anesthesia was maintained by nose delivery of isoflurane. Images were acquired with the Xenogen IVIS Lumina and analyzed with the Living Image software package (Version: 4.3.1.0.15766, Xenogen Corp.).
IHC analysis of TMA slides
All TMAs were purchased from US Biomax or the NCI Cancer Diagnosis Program (NCI CDP). TMAs from US Biomax (BC081120) contained 100 cases of invasive breast carcinoma and 10 specimens of cancer-adjacent normal breast tissue. The NCI CDP Progression TMAs consist of three different case sets, including 242 analyzable cases of invasive breast carcinoma and 29 analyzable cases of DCIS. The NCI CDP Prognostic TMAs consist of five nonoverlapping stage I case sets (590 specimens), four stage II case sets (398 specimens), and two stage III case sets (181 specimens).
Samples were deparaffinized and rehydrated. Antigen retrieval was done using 0.01 mol/L sodium citrate buffer (pH 6.0) in a microwave oven. To block endogenous peroxidase activity, the sections were treated with 1% hydrogen peroxide in methanol for 30 minutes. After 1 hour of preincubation in 10% normal serum to prevent nonspecific staining, the samples were incubated with anti-proPTPRN2 (HPA026656; 1:200) or cleaved caspase-3 antibody (1:200) at 4 C overnight. The sections were then treated with a biotinylated secondary antibody (Vector Laboratories, PK-6101, 1:200) and incubated with avidin-biotin peroxidase complex solution (1:100) for 1 hour at room temperature. Color was developed with the 3-amino-9-ethylcarbazole solution. Counterstaining was carried out using Mayer hematoxylin. H-score system was used to quantify IHC results. For proPTPRN2 staining: 0 < low 75, 75 < high 300; for cleaved caspase-3 staining: 0 < low 6, 6 < high 300.
All immunostained slides were scanned on the Automated Cellular Image System III (Dako) for quantification by digital image analysis. A total score of protein expression was calculated from both the percentage of immunopositive cells and the immunostaining intensity. High and low protein expression was defined using the mean score of all samples as a cut-off point. Negative expression indicated no detectable immunoreactivity. Spearman rank correlation was used for statistical analysis of the correlation between proPTPRN2 and the clinical parameters. Kaplan-Meier survival analysis and the log-rank test were used for statistical analysis of the correlation between proPTPRN2 and clinical survival outcomes.
Results
ProPTPRN2 is overexpressed in breast tumors and predicts poor clinical outcome
Given an essential role of tyrosine phosphorylation in tumorigenesis, we set out to identify novel PTPs whose expression is associated with carcinogenesis and that may thus represent druggable targets. Search of publicly available databases revealed that a tyrosine phosphatase-like gene PTPRN2 was overexpressed in various cancers, including T-cell lymphoma, lung, prostate, skin, renal, and breast cancer at both mRNA and protein levels (Supplementary Fig. S1 ). In particular, based on the Cancer Genome Atlas (TCGA) datasets, PTPRN2 mRNA level was increased in breast cancers by 2-to 4-fold ( Supplementary Fig. S1D ). Of further note, the PTPRN2 gene copy number was not significantly altered in most cancers ( Supplementary Fig. S1C ), suggesting epigenetic mechanisms of its activation, in agreement with a recent study (15) .
Interestingly, according to Protein Atlas database, 4 of 12 breast tumors (33%) were positive for the immature proPTPRN2 isoform ( Supplementary Fig. S1F ), which is known to be synthesized on the endoplasmic reticulum and has to undergo N-glycosylation and cleavage to generate mature isoforms of approximately 60 to 70 kDa (16, 17) . By Western blot analysis, using antibodies capable of recognizing both isoforms ( Fig. 1A and Supplementary  Fig. S2 ), we confirmed proPTPRN2 protein expression in various breast, renal, prostate, and colorectal cancer cell lines, while no mature $60-kDa isoform was detected ( Fig. 1B) . Furthermore, in a panel of breast cancer cell lines representing luminal and basal subtypes, we detected exclusively the $100to 120-kDa proisoform of PTPRN2 using two different antibodies specifically raised against the pro-region of the protein, along with those recognizing both isoforms ( Fig. 1A and Supplementary Fig. S2 ). On the basis of these observations, we conclude that proPTPRN2 is not converted into mature isoform, probably due to lack of natural processing mechanism in these cells. Importantly, proPTPRN2 was not observed in nontransformed MCF10A mammary epithelial cells and its expression was somewhat higher in luminal estrogen receptor-positive cell lines compared with basal subtypes (Fig. 1C ), although more cell lines need to be analyzed for a definite conclusion. Overall, these data indicate that proisoform of PTPRN2 is widely expressed in cancer cells of different origin, including breast, which has been studied here in more detail.
In agreement with Western blotting results, proPTPRN2 expression was also detected by immunohistochemistry, using commercially available breast cancer TMAs. Of the 10 normal breast tissue samples we examined, none showed detectable levels of proPTPRN2 ( Fig. 1D ). In contrast, 45 of 99 invasive breast carcinoma specimens (45%) displayed positivity for proPTPRN2 ( Fig. 1D ), revealing significant correlation with invasive breast carcinoma compared with normal mammary tissue (P ¼ 0.005).
Using the National Cancer Institute (NCI) Progression TMAs, we found no significant differences in proPTPRN2 expression between ductal carcinoma in situ (DCIS) and invasive breast carcinoma specimens, with 12 of 29 DCIS samples (41.4%) and 92 of 212 invasive breast carcinoma samples (43.4%) showing proPTPRN2 positivity ( Fig. 1E ). Consistent with Western blotting results ( Fig. 1C ), we observed a modest increase in proPTPRN2 staining intensity in estrogen and progesterone receptor-positive tumors (P ¼ 0.230 and P ¼ 0.077, respectively; Fig. 1F ). Similar correlation between proPTPRN2 and estrogen receptor status was also observed in the TCGA database ( Supplementary Fig. S1D ). Of further note, although proPTPRN2 expression was not significantly associated with a particular tumor stage (P ¼ 0.089), it was modestly elevated at T1 stage compared with T2 ( Fig. 1F ), suggesting that proPTPRN2 expression may play a role at earliest stages of tumorigenesis.
To determine whether proPTPRN2 expression has a prognostic significance, we utilized NCI Prognostic TMAs containing 1,169 breast tumor specimens with a long-term clinical follow-up record. Subsequent Kaplan-Meier analysis revealed that patients with lymph node-positive breast cancer with high proPTPRN2 levels displayed significantly poorer overall survival (P ¼ 0.009), recurrence-free survival (P ¼ 0.018), and distant metastasis-free survival (P ¼ 0.008) than those with low proPTPRN2 levels ( Fig.  1G ). Therefore, high proPTPRN2 expression has a potential to be used as a clinical marker associated with aggressiveness and disease progression in breast cancer patients.
Reduced proPTPRN2 expression is associated with impaired proliferation and increased apoptosis in breast cancer cells and clinical samples
Although the involvement of mature PTPRN2 in insulin secretion by pancreatic beta-cells and its association with insulin-dependent diabetes mellitus are well established (5) , the role of the mature or pro-isoforms in tumorigenesis has never been elucidated. To study how ablation of proPTPRN2 expression may affect cell growth, we used two highly proliferative and aggressive breast cancer cell lines, MDA-MB-468 and SKBR3, as a model for this study. Downregulation of proPTPRN2 expression in these cell lines by stable expression of specific targeting shRNAs resulted in a significant reduction of their growth kinetics, while not affecting PTPRN2-negative MCF10A cells ( Fig. 2A and B ). Moreover, when subcutaneously implanted into mouse flanks, these cells failed to form palpable tumors, as measured by tumor size ( Fig. 2C ) and luminescence ( Fig. 2D and E) . These results indicate that proPTPRN2 is required for tumor growth. ProPTPRN2 is highly expressed in breast cancers and predicts poor clinical outcome. A, domain structure of PTPRN2, isoform 1. Antibodies were raised against the indicated epitopes. PTP, protein-tyrosine phosphatase domain. B, Western blot (WB) analysis of PTPRN2 expression in human cancer cell lines using HPA006900 antibody. C, Western blot analysis of PTPRN2 expression in human normal breast and cancer cell lines using HPA026656, SAB4502542, and HPA006900 antibodies. m-Calpain was monitored here as a protein potentially involved in the processing of PTPRN2. Equal amounts of cell extracts were used for Western blot analysis. Breast cancer cell lines representing luminal (L) and basal subtypes (B) are indicated. Relative amounts of PTPRN2 from three independent experiments are indicated at the bottom. D, proPTPRN2 expression in normal breast tissues and invasive breast carcinomas. Representative IHC sections of 99 cases US Biomax TMAs stained with HPA026656 antibody are shown. E, proPTPRN2 expression status in patients with invasive breast carcinoma and DCIS. A total of 241 cases NCI Progression TMAs were used for IHC with HPA026656 antibody. F, the association between the absence and the presence of proPTPRN2 and clinicopathologic characteristics of tumors, including TNM stage, estrogen receptor (ER) status, and progesterone receptor (PR) status. The NCI Progression TMAs were stained as in E. G, Kaplan-Meier curves representing the probability of overall survival, recurrence-free survival (recurrence indicates tumor relapse at the primary site, the metastatic site, or both), and cumulative metastasis-free survival (free of distant metastasis) in patients with lymph node-positive breast cancer, stratified according to proPTPRN2 expression status in the primary tumor. The log-rank test P value reflects the significance of the correlation between proPTPRN2 positivity and poor survival outcomes; see also Supplementary Table S2 .
Further analysis of the cell-cycle distribution of PTPRN2 knockdown cells revealed that a significant proportion of these cells accumulated in sub-G 1 , and this phenotype was partially rescued by a general caspase inhibitor Z-VAD-FMK but not a necrosis inhibitor necrostatin-1 (Fig. 3A ). Enhanced apoptosis in PTPRN2 knockdown cells was further confirmed by detection of cleaved caspase-3 and cleaved PARP1 (Fig. 3B ), and is in agreement with previous studies showing that knockdown of PTPRN2 induced apoptosis in large-scale siRNA and shRNA library screenings (18, 19) . Most importantly, expression of shRNA-resistant proPTPRN2 fused with the C-terminal triple-epitope (SFB, S protein, Flag, and streptavidin-binding peptide) rescued cell death caused by PTPRN2 shRNA, as shown by reduction in the sub-G 1 population from 32% in PTPRN2 knockdown cells to 13% in those expressing the resistant form ( Fig. 3C and D) . Also, expression of shRNA-resistant proPTPRN2-SFB but not that of mature PTPRN2 restored the ability of PTPRN2 knockdown cells to form tumors in mice (Fig. 3E ). Together, these results indicate ProPTPRN2 knockdown suppresses cell proliferation and tumor growth. A, Western blot analysis of proPTPRN2 and a-tubulin in MDA-MB-468 (MB468) or SKBR3 cells stably expressing control (shScr.) or PTPRN2 shRNA (shPTPRN2). B, growth curves of MDA-MB-468 or SKBR3 cells stably expressing shScr or shPTPRN2 (sh#2 and sh#3). The representative growth curves from two independent experiments are shown (AESEM, n ¼ 3). C, excised tumors and calculated volumes in nude mice injected with MDA-MB-468 cells bearing shPTPRN2 (sh#2) or shScr at day 30 after injection are shown (n ¼ 7 mice per group). D, bioluminescence imaging of mouse mammary tumors after orthotopic injection of MDA-MB-468-GFP-Fluc cells bearing shPTPRN2 (sh#2) or shScr at day 24 after injection (n ¼ 9 mice per group). Quantification of bioluminescence imaging signal intensity is presented to the right. E, bioluminescence imaging of mice after subcutaneous injection of SKBR3-GFP-Fluc cells bearing shPTPRN2 (sh#2), shPTPRN2 (sh#3), or shScr at day 24 after injection is shown (n ¼ 8 mice per group). that proPTPRN2 has a unique function in promoting tumor growth and survival both in vitro and in vivo.
IHC analysis of breast cancer specimens revealed an inverse correlation between overall proPTPRN2 and cleaved caspase-3 staining (Pearson r ¼ À0.236, P < 0.0001; Fig. 3F ). Moreover, within the cohort with high levels of cleaved caspase-3 (6 < high 300, H-score system), 100 of 111 samples (90.1%) showed no proPTPRN2 expression ( Fig. 3G, case B) . Similarly, within the cohorts with high levels of proPTPRN2 (75 < high 300, H-score system), 40 of 51 samples (78.4%) showed no cleaved caspase-3 staining (Fig. 3G, case A) , suggesting a correlation between proPTPRN2 expression and block of apoptosis in human tumors. (sh#2) were cultured for 3 days and analyzed by Western blotting using the indicated antibodies. C and D, MDA-MB-468 cells stably expressing SFB-tagged wild-type proPTPRN2 (WT) or sh#2-resistant proPTPRN2, along with control (shScr) or PTPRN2 shRNA (sh#2), were grown for 3 days and analyzed by flow cytometry (D) or Western blotting (C) using the indicated antibodies. E, MDA-MB-468 cells stably expressing SFB-tagged sh#2-resistant proPTPRN2 (proPTPRN2-shR), mature PTPRN2 (mature PTPRN2-shR), or empty vector alone (Ctrl) along with control (shScr) or PTPRN2 shRNA (sh#2) were subcutaneously injected into nude mice. Tumor volumes were measured at day 24 after injection, (n ¼ 5 mice per group). F, inverse correlation between proPTPRN2 and cleaved caspase-3 expression status (Pearson r ¼ À0.236, P < 0.0001). Six hundred and eighteen cases of NCI Prognostic TMAs were used for IHC with HPA026656 antibody. G, IHC staining of representative cases of breast carcinomas with high and low levels of proPTPRN2 and cleaved caspase-3. H-score system was used to quantify IHC results. For proPTPRN2 staining, 0 < low 75, 75 < high 300; for cleaved caspase-3 staining, 0 < low 6, 6 < high 300. 
ProPTPRN2 expression increases acinar size and promotes tumor growth
To further investigate the role of proPTPRN2 in breast cancer etiology, we generated MCF10A cells stably expressing proPTPRN2 alone or together with the known oncogenic protein ErbB2/HER2; both proteins were SFB-tagged and doxycycline-inducible (Fig. 4A ). Expression of proPTPRN2 did not cause any morphologic changes in monolayer culture (data not shown), nor did it provide any growth advantage for the exponentially growing monolayer cells (Fig. 4B ), or colony formation/anchorage-independent growth in soft agar (Fig.  4C ), properties that are frequently associated with tumorigenic transformation. Therefore, proPTPRN2 by itself is unable to induce neoplastic transformation.
However, expression of proPTPRN2, but not mature PTPRN2, in MCF10A cells did increase acinar size ( Fig. 4D and Supplementary Fig. S3 ). ProPTPRN2-expressing cells formed significantly larger colonies, with or without HER2 coexpression (Fig. 4E ). Normally, MCF10A cells form polarized acinar structures with hollow lumen in Matrigel at day 10þ, when inner cells die via apoptosis (10) . Using laminin V and Ki67 as markers for basal polarity and proliferation, respectively, we found that although apical-basal polarity was not affected in proPTPRN2-expressing cells, acini lumen was not formed and was filled with proliferating cells (Fig. 4F and G) . These data suggest that proPTPRN2 may block apoptosis and therefore disrupt normal mammary morphogenesis.
In agreement with the aforementioned results, MDA-MB-231 cells engineered to express proPTPRN2 formed significantly larger tumors in mouse xenografts compared with vector alone cells (Fig. 4H) . Remarkably, this effect was observed only with proPTPRN2 and not with the mature form ( Fig. 4H ), indicating that proPTPRN2 has a unique function in promoting tumor growth and survival.
ProPTPRN2 but not the mature PTPRN2 isoform forms a complex with TRAF2
Search for potential mediators of proPTPRN2 effects revealed a multiple components of IkB/NF-kB and c-Jun Nterminal kinase (JNK)/AP-1 signaling pathways as being affected by proPTPRN2 downregulation ( Supplementary Fig.  S4 ). As both these pathways are controlled by the action of a RING domain E3 ubiquitin ligase called TRAF2, which promotes Lys63-linked ubiquitination of various components involved in NF-kB and JNK signaling or serves as an adaptor protein (20, 21) , we speculated that proPTPRN2 may interact with or regulate one of the components of the TRAF2 complex. Indeed, using a panel of breast cancer cell lines, we found a correlation between proPTPRN2 and the expression levels of the major component of the TRAF2 complex TRAF2 and TRADD, whereas death receptors such as TNFR1, TNFR2, FasR, DR3, DR5, and an adaptor protein FADD were not affected (Fig. 5A ). Furthermore, mass spectrometry of proteins interacting with proPTPRN2-SFB revealed several other components of the TRAF2 complex, including members of the inhibitors of apoptosis (IAP) family such as XIAP, cIAP1, cIAP2 (Fig. 5B ). Association of these proteins with proPTPRN2 in the TRAF2 complex was confirmed by coimmunoprecipitation after their coexpression in HEK293T cells, with TRAF2 showing a stronger binding than the others (Fig. 5C ).
To map the proPTPRN2 binding site on TRAF2, we generated a set of truncated TRAF2 mutants lacking several domains essential for its activity (Fig. 5D and E) . Coexpression of the corresponding mutants with proPTPRN2-SFB in HEK293T cells followed by coimmunoprecipitation revealed that deletion of the N-terminal part of TRAF2 (1-33 residues; D1 mutant) dramatically reduced its interaction with proPTPRN2 (Fig.  5E ). This region, together with the adjacent RING-type Znfinger and 2 TRAF2-type Zn-finger domains, is required for Lys63-linked autoubiquitination and activation of downstream signaling events (22) . Notably, deletion of the two C-terminal subdomains [coiled coil (Cc) and MATH] responsible for selfassociation and interactions with death receptors and other proteins did not affect TRAF2 binding to proPTPRN2 (Fig. 5E) . These results suggest that proPTPRN2 may regulate TRAF2 autoubiquitination and activation via direct binding to its 33 N-terminal amino acids.
We next sought to determine whether mature PTPRN2 or the proPTPRN2 lacking the PTP domain ( Fig. 5F ) are capable of interacting with TRAF2. We found that mature PTPRN2 did not coimmunoprecipitate with TRAF2 ( Fig. 5G) , indicating that the pro-region of PTPRN2 is an absolute requirement for the interaction with TRAF2. Deletion of the PTP domain reduced but did not abolish their interaction (Fig. 5G ), suggesting that the PTP domain may somehow enhance or stabilize the proPTPRN2-TRAF2 complex. These results were also supported by mass spectrometry data showing that in contrast to mature PTPRN2, the PTP deletion mutant was still able to bind to TRAF2, XIAP, and cIAP1 (Fig. 5H) . Interestingly, however, that PTPRN2 DPTP failed to bind to a subset of cell surface proteins (shown in green in Fig.  5H ), which may be required for PTPRN2 recruitment to plasma membrane and, therefore, for its compartmentalization with TRAF2, providing a potential explanation for the observed reduction in its binding to TRAF2 in coimmunoprecipitation experiments. Overall, these results demonstrate that only proPTPRN2 and not the mature form is capable of binding to TRAF2 via its proregion and that the 33 N-terminal TRAF2 amino acids are required for their interaction.
ProPTPRN2 suppresses cell density-dependent apoptosis
Apoptosis can be induced by a wide range of stimuli, including high cell density (23, 24) . Indeed, using MCF10A cells as a model, we found that long-term cultivation (5þ days) of MCF10A confluent monolayer culture spontaneously triggered apoptosis, as detected by cleaved caspase-3 immunofluorescence staining (Fig. 6A ). This density-induced apoptosis was rescued by proPTPRN2 expression but not by mature PTPRN2 (Fig. 6A) . In a complementary experiment, depletion of proPTPRN2 sensitized MDA-MB-468 cells to contact inhibition and confluence-induced apoptosis ( Supplementary Fig. S5 ). Using series of proPTPRN2 mutants we found that neither restored PTP activity of proPTPRN2 (þPTP), nor intrinsic PIP activity, nor deletion of the whole 245 amino acid PTP domain affected the ability of proPTPRN2 to block apoptosis (as measured by caspase-3 cleavage) in overconfluent MCF10A cells ( Fig. 6B ), suggesting that only pro-region is indispensable for proPTPRN2 antiapoptotic activity.
We also found that density-induced apoptosis was TRAF2dependent as it was abolished by TRAF2-targeting shRNAs (Fig.  6C) . In contrast to the mature form that was not capable of binding to TRAF2, association of TRAF2 with proPTPRN2 was gradually increasing with cell growth, reaching the highest levels in confluent cells ( Fig. 6D and F) . Similarly to the wild-type, proPTPRN2-mutant proteins (ÀPIP) and (þPTP) but not the PTP domain deletion mutant interacted with TRAF2 in a confluencedependent manner (Fig. 6E) . These data suggest a possibility that aberrant expression of proPTPRN2 may interfere with normal functions of TRAF2, particularly those associated with regulation of cell contact-dependent growth inhibition and apoptosis.
Binding of proPTPRN2 suppresses TRAF2 phosphorylation by PKC and its complex formation with FADD
Given a possibility that proPTPRN2 specifically interferes with TRAF2 functions and that the interaction between these two drastically increased in overconfluent MCF10A cells, we investigated signaling pathways regulating confluence-dependent activation of TRAF2. TRAF2-mediated signaling is known to be regulated at multiple levels via its phosphorylation by Akt, IKKe, and PKC (22, (25) (26) (27) (28) . We thus analyzed activation/phosphorylation status of Akt, IKKe, and PKC using the corresponding phospho-specific antibodies. We found that since Akt phosphorylation was reduced with confluence and was not affected by TRAF2 expression (Fig. 7A ), PI3K-Akt signaling is not likely to be involved in confluence-dependent TRAF phosphorylation (Fig.  7B) . In contrast, IKKe phosphorylation was strongly induced in overconfluent MCF10A cells while being abrogated by ectopic expression of TRAF2 (Fig. 7A ), indicating that TRAF2 may act upstream of IKKe. Most importantly, PKC phosphorylation was enhanced with confluence and correlated well with TRAF2 phosphorylation as detected by PKC substrate phospho-specific antibody (Fig. 7A) , and it also positively correlated with phosphorylation of TRAF2 at Ser-11 (Fig. 7B) , one of known sites for PKCmediated TRAF2 phosphorylation (22, (25) (26) (27) (28) . Furthermore, ectopic expression of proPTPRN2 but not the mature form drastically suppressed TRAF2 phosphorylation at Ser-11 ( Fig. 7C and Ectopic expression of proPTPRN2 enhances tumor growth. A, MCF10A cells stably expressing SFB-tagged HER2, proPTPRN2, or both were grown in monolayer cultures with or without doxycycline (dox; 1 mg/mL) and analyzed by Western blotting using the indicated antibodies. B, growth curves of MCF10A cell lines shown in A. C, soft agar colony formation of the indicated MCF10A cell lines in the presence or absence of doxycycline. Representative fields at day 30 and the average number of colonies counted in 5 fields of view (AESD) are shown. Scale bar, 200 mm. D and E, indicated MCF10A cell lines were grown in Matrigel in the presence or absence of doxycycline for 14 days and acinar structures were analyzed by DAPI staining (D). Scale bars, 100 mm. Acinar sizes shown in E were calculated from D, n > 130 per group ( ÃÃÃ , P < 0.001). F and G, acini formed by the indicated MCF10A cell lines were analyzed by confocal immunofluorescence using laminin V as a basal polarity marker, as well as DAPI and proliferation marker Ki67, to analyze luminal filling (F). Scale bars, 50 mm. Percentage of acini with filled lumen (AESEM, n ¼ 50 per group) is shown in G. H, MDA-MB-231 cells stably expressing SFB-tagged proPTPRN2 or mature PTPRN2 or vector alone were subcutaneously injected into nude mice and formed tumors were excised and measured at day 21 after injection (n ¼ 6 mice per group). Supplementary Fig. S6 ), in agreement with our findings that the pro-region is required for TRAF2 binding (Fig. 5G) . These data support the notion that proPTPRN2 interaction with TRAF2 may prevent the latter from being activated/phosphorylated by PKC in response to confluence/contact inhibition.
To establish whether diminished phosphorylation of TRAF2 by PKC in proPTPRN2-expressing cells may have functional significance, confluent monolayer MCF10A cells were cultured for more than 5 days and monitored for signs of apoptosis (cleaved caspase-3) by immunofluorescence microscopy and immunoblotting. As shown in Figs. 6A and 7C, high cell density spontaneously triggered caspase-3 cleavage/apoptosis in MCF10A cells, while ectopic expression of proPTPRN2 prevented activation of apoptosis ( Figs. 6A and 7C, compare lanes   3 and 4) . Moreover, proPTPRN2 was capable of suppressing apoptosis caused by 12-O-Tetradecanoylphorbol-13-acetate (TPA), a PKC activator known to induce apoptosis in breast cancer cell lines (29, 30) . This was also accompanied by diminished TRAF2 phosphorylation at Ser-11, in spite of high levels of phosphorylated PKC in TPA-treated cells (Fig. 7D) . Therefore, proPTPRN2 blocks PKC-mediated phosphorylation of TRAF2 as well as its subsequent activation and the ability to initiate apoptotic response.
Given that FADD is one of the major effectors acting downstream of TRAF2 to initiate caspase cascades leading to apoptosis (31), we tested the effect of proPTPRN2 on the TRAF2-FADD complex formation. In agreement with previous reports (22, 25, 26, 28) , we found that TRAF2 phosphorylation at Supplementary  Table S1 . Ser-11 positively correlated with the TRAF2-FADD complex formation and caspase-3 cleavage in overconfluent MCF10A cells (Fig. 7E, compare lanes 5 and 7) . Remarkably however, recruitment of FADD to the complex with TRAF2 was substantially diminished in proPTPRN2-expressing MCF10A cells (Fig. 7E , compare lines 7 and 8). Taken together with the observed reduction in phosphorylation of TRAF2 at Ser-11 and in caspase-3 cleavage in these cells, these results suggest a mechanism whereby proPTPRN2 blocks apoptosis by preventing PKC-mediated TRAF2 phosphorylation/activation and its subsequent association with FADD ( Fig. 7G ). This was also confirmed by knocking down endogenous proPTPRN2 in MDA-MB-468 cells, which led to enhanced TRAF2-FADD complex formation ( Fig. 7F) and apoptosis (Fig. 3) . Together with the observed in this study Figure 6 . Ectopic expression of proPTPRN2 inhibits density-induced apoptosis in MCF10A cells. A, MCF10A cells stably expressing SFB-tagged proPTPRN2 or mature PTPRN2 were cultured at 100% confluence for 1 or 5 days in the presence or absence of doxycycline and monitored for caspase-3 cleavage using immunofluorescence microscopy. B, MCF10A cells stably expressing SFB-tagged proPTPRN2 (WT) or the mutant proteins with inactivated PIP activity (ÀPIP) or with restored PTP activity (þPTP), or lacking the PTP domain (DPTP) were cultured at 100% confluence for 5 days in the presence or absence of doxycycline and monitored for caspase-3 cleavage by immunofluorescence microscopy. Data shown are the average number of cleaved caspase-3-positive cells counted in 5 fields of view (AESEM). C, MCF10A cells stably expressing SFB-tagged proPTPRN2 were cotransfected with control (shScr.) or TRAF2 (sh#1, sh#2, sh#3) shRNAs and cultured at 100% confluence for 5 days in the presence or absence of doxycycline. Immunofluorescence microscopy was done using cleaved caspase-3 and Flag (to detect proPTPRN2) antibodies. Inset shows Western blot analysis with TRAF2 antibody to confirm its knockdown. D, MCF10A cells stably expressing empty vector or SFB-tagged proPTPRN2 (pro) or mature PTPRN2 were cultured at 100% confluence for 1 or 5 days in the presence or absence of doxycycline. Proteins were coimmunoprecipitated using SBP beads and analyzed by Western blot analysis with the indicated antibodies. Input and immunoprecipitation fractions are shown. E, MCF10A cells stably expressing empty vector or SFB-tagged proPTPRN2 (WT) or the corresponding mutant proteins as in B were cultured at 100% confluence for 1 or 5 days in the presence or absence of doxycycline. Proteins were coimmunoprecipitated using SBP beads and analyzed by Western blot analysis with the indicated antibodies. Input and immunoprecipitation fractions are shown. F, MDA-MB-468 cells stably expressing SFB-tagged proPTPRN2 were cultured to various confluences, as indicated, and used for co-IP experiments. Ã , cells that were cultured at 100% confluence for 2 days. Proteins were coimmunoprecipitated using SBP beads and analyzed by Western blot analysis with the indicated antibodies. Input and immunoprecipitation fractions are shown. SBP, streptavidin-binding peptide.
widespread expression of proPTPRN2 in breast cancers, this latter result also indicate that targeting proPTPRN2 may provide very precise tool for restoring normal cellular mechanisms of contact inhibition and apoptosis.
Discussion
In this study, we demonstrated that proPTPRN2 protein is frequently overexpressed in human cancers. We showed that proPTPRN2 interacts with TRAF2, suppresses apoptosis, and thus promotes tumor growth and survival. Moreover, high proPTPRN2 expression was associated with poor outcome in patients with lymph node-positive breast cancer, indicating that overexpression of proPTPRN2 is likely to have prognostic value. Most importantly, proPTPRN2 is not expressed in normal adult cells or tissues, and PTPRN2-knockout mice showed very mild glucose intolerance and impaired glucose-stimulated insulin secretion (32) . Therefore, targeting of PTPRN2 should have minimal side effects while significantly inhibiting tumor Binding of proPTPRN2 suppresses TRAF2 phosphorylation by PKC kinase and its complex formation with FADD. A, co-IP and Western blot analysis of MCF10A cells stably transfected with empty vector (Vector) or SFB-tagged TRAF2, cultivated at 100% confluence for 1 or 5 days with doxycycline (1 mg/mL). B, Western blot analysis of MCF10A cells stably transfected with SFB-tagged TRAF2, cultivated at 100% confluence for 1 or 5 days with doxycycline (1 mg/mL). C, Western blot analysis of MCF10A cells stably transfected with SFB-tagged proPTPRN2, placed under the control of doxycycline-inducible promoter, and cultivated at 100% confluence for 1 or 5 days with or without doxycycline (dox; 1 mg/mL) in medium. D, Western blot analysis of MCF10A cells stably transfected with SFB-tagged proPTPRN2, placed under the control of doxycycline-inducible promoter and cultivated at 100% confluence for 1 day with or without doxycycline (dox; 1 mg/mL) in medium, and treated with cycloheximide (20 mg/mL; Ctrl.) or with cycloheximide (20 mg/mL) and TPA (0.8 mg/mL) for 3 hours (TPA). E, co-IP and Western blot analysis of MCF10A cells stably transfected with empty vector (Vector) or SFB-tagged TRAF2 together with proPTPRN2, placed under the control of doxycycline-inducible promoter, and cultivated at 100% confluence for 1 or 5 days with or without dox (1 mg/mL) in medium. F, co-IP and Western blot analysis of MDA-MB-468 cells expressing control shRNA (shScr) or PTPRN2 shRNA (sh#2). G, a model of how proPTPRN2 may be involved in inhibition of apoptosis. SBP, streptavidin-binding peptide. growth by inducing apoptosis, making it an attractive target candidate for cancer therapy.
We found that enforced expression of proPTPRN2 disrupted mammary morphogenesis and hollow lumen formation by blocking apoptosis, and PTPRN2 acted synergistically with HER2 to promote acinar overgrowth in Matrigel and tumor growth in mouse xenografts. This may recapitulate an oncogenic function of PTPRN2 in early breast cancer lesions, such as DCIS, which are characterized by loss of acinar organization and filling of the luminal space (33) . In agreement with this, we observed high proPTPRN2 expression in a substantial subset of DCIS samples, supporting a notion that proPTPRN2 antiapoptotic activity may be involved in DCIS and subsequent cancer progression.
One particularly interesting observation in our study is that high cell density-induced apoptosis in nontransformed MCF10A cells was significantly suppressed by proPTPRN2 but not by the mature PTPRN2 form. We also showed that neither PTP, nor PIP enzymatic activities were involved in proPTPRN2-mediated blockade of apoptosis, and this effect was executed through the interaction between the pro-region of PTPRN2 and the N-terminal 33 amino acids of TRAF2. Antiapoptotic activity of proPTPRN2 was also demonstrated in large-scale cohort analysis using breast cancer TMAs, where high proPTPRN2 expression inversely correlated with that of cleaved caspase-3.
Suppression of apoptosis during carcinogenesis plays a central role in the development and progression of all human cancers (34, 35) . In this regard, TRAF2 and the inhibitor of apoptosis protein (IAP) family are perhaps the most important regulators of apoptosis, as they are capable of regulating both the intrinsic and extrinsic pathways (36, 37) . In this study, we found that aberrantly expressed proPTPRN2 binds to the TRAF2-cIAP complex. It blocks PKC-mediated TRAF2 phosphorylation and its association with proapoptotic adaptor protein FADD, thereby preventing the initiation of apoptosis ( Fig. 7G ). Of further importance, depletion of proPTPRN2 in breast cancer cells restored confluence-dependent apoptosis, suggesting that proPTPRN2 may be a novel therapeutic target for cancer treatment.
In summary, proPTPRN2 overexpression dramatically suppressed apoptosis in a density-dependent manner in monolayer cultures and during acinar lumen formation, and proPTPRN2 promoted tumor growth in xenograft studies. Moreover, high proPTPRN2 expression was associated with poor prognosis in patients with lymph node-positive breast cancer. We thus envision that therapeutic intervention targeting proPTPRN2 may improve overall survival of breast cancer patients with high proPTPRN2 expression.
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